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ABSTRACT
Phytoremediation with black willow (Salix nigra) was conducted in 1996 by
planting trees at a density of 2000 trees/hectare at BASF Corporation in a shallow
groundwater plume containing low levels of bentazon. In this project, the roots, stems,
and leaves of the black willow plants were extracted and analyzed to see if bentazon from
the ground water was taken up by the plants. Different extraction procedures such as
liquid-phase extraction and solid-phase extraction were compared. Final determination
using different analytical techniques such as GC-MSD, GC-ECD, and HPLC with UV
detection for the isolation and analysis of bentazon residues from the plant matrix were
compared and the best clean-up and analytical procedure for its determination in plant
samples was demonstrated.
On analysis using the LLE and GC-ECD method, bentazon concentrations in the
plant samples collected over a one-year period did not show any discernible pattern.
Residues of the pesticide were found in 15% of all the plant samples analyzed at the
method detection limit of 0.27 mg/kg. The average bentazon concentration found in the
samples was 0.48mg/kg with a range of 0.7mg/kg and 0.32mg/kg.
Comparison of the LLE method with the SPE method of sample extraction shows
the advantages of the SPE method over LLE due to decrease in the extraction time, use of
less quantity of organic solvents, better quality of final extracts, and better recoveries.
The average recoveries for leaves using LLE and SPE procedures with GC-MSD were
39.1% and 49.9% respectively. Average recoveries for stems using LLE and SPE with
GC-MSD were 56.3% and 63.9% respectively. Average recoveries for the LLE procedure
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for all the five sets of samples using GC-ECD were 51.7%, 58.1% and 59.6%
respectively for leaves, stems, and roots matrices.
Comparison of the HPLC method with GC demonstrates that GC is a preferable
method for analysis of bentazon from plant matrices due to its sensitivity, reliability and
higher separation efficiency. Positive identification of bentazon was difficult with HPLC
because of its insufficient sensitivity for trace analysis and its low separation efficiency
resulting in coelution and broad peaks.
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INTRODUCTION
Modern agricultural production depends significantly on the use of herbicides to
control weeds in crops. There are many herbicides which can be classified into several
chemical classes in accordance with their chemical structures. Acidic herbicides like
bentazon are widely used for control of broad-leaved weeds and other vegetation. They
are relatively inexpensive and very potent even at low concentrations. Bentazon is
considered to be a transient herbicide which leaches through the soil into the ground
water and may pose problems for the groundwater resources (Pinto et al 1999).
Contaminated soil and water are major environmental and human health problems
which can be partially solved by phytoremediation. Phytoremediation is a relatively new
technology which makes use of green plants to remove environmental contaminants from
soil and groundwater. It is possible to use phytoremediation to reach contaminated
groundwater 20 feet to 30 feet underground. The use of plants for the removal of
xenobiotics from spillage sites, sewage waters, sludge, and polluted areas has become an
important experimental and practical approach over the last 15 years (Harrigan 1999).
A site contaminated with the herbicide, bentazon, is located on an undeveloped
portion of property at BASF Corporation, a petrochemical facility located in Ascension
Parish, Louisiana (Conger 1996). Environmental assessment data indicated that about 5
hectares of the approximately 30-hectare site were affected with the herbicide bentazon
from past waste management practices. Shallow soils and groundwater between 0.5 to 6
meters in depth were affected. The maximum concentrations of bentazon in groundwater
were about 7-10 milligrams per liter (Conger 1996).
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An evaluation of alternatives for remediation of a shallow groundwater plume
containing low-levels of bentazon was conducted at BASF Corporation and
phytoremediation with black willow (Salix nigra) was found to be feasible. After a few
successful laboratory scale experiments to test the potential of phytoremediation with the
black willows, an appropriate full-scale field implementation program was developed
which included planting the affected areas with mature trees at a density of 2000
trees/hectare (Conger 1996). Groundwater monitoring data from five years before the
plantings and five years after the plantings support that phytoremediation at the test site
was successful at reducing the concentration of bentazon from the shallow groundwater.
Modeling studies demonstrated that effective remediation will continue to occur as the
trees continue to grow. For the current study, plant samples were collected from the site
over a one-year period, from December 2001 to December 2002, and analyzed to detect
the presence of bentazon in the plant roots, stems, or leaves.
Bentazon is believed to be translocated into the plant system due to its high water
solubility, high mobility, less volatility, less adsorption in soil and other properties which
make it favorable for uptake by plants. Analysis of herbicide residues in plants involves
different steps, like extraction, clean-up or interference removal, determination of
herbicide residues and confirmation of their identity, and these analyses are performed by
using various techniques.
Determination of acidic herbicides such as bentazon are generally carried out by
gas chromatography with electron capture detection and by GC with mass spectrometric
detection, both giving much lower detection limits than liquid chromatographic
techniques. However, the use of LC facilitates direct determination of acidic and
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thermally labile herbicides without the need for derivatization. HPLC analysis of
herbicides is more often performed on reversed-phase columns. UV detection, with fixed
or variable wavelength, is the detection technique most frequently used in the
determination of herbicide residues. Detection by UV absorption is not selective and
sensitive enough to determine some herbicide residues in complex samples.
The official and most current methods for the determination of acidic herbicides
are based on the adjustment of samples to basic pH followed by LLE with diethyl ether,
chloroform or dichloromethane, their conversion to methyl esters by diazomethane or as
pentafluorobenzyl derivatives and gas chromatography-electron capture detection (GCECD). Solid-phase extraction (SPE) has developed as an alternative to liquid-liquid
extraction (LLE) for the separation, purification, concentration and/or solvent exchange
of solutes into solution.
The objectives of this project were (i) to detect the presence of bentazon in plants
by extracting and analyzing the root, stem, and leaf samples of black willow plants from
the phytoremediation site (ii) to compare different techniques for the isolation of
bentazon residues from the plant matrix and cleaning of the extracts to make them
suitable for chromatographic determination. (iii) to compare the GC and the HPLC
methods for final determination of bentazon from plant extracts and evaluate the merits
and demerits of each.
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LITERATURE REVIEW
Phytoremediation
Phytoremediation is an emerging technology which makes use of green plants to
remove or contain harmless environmental contaminants such as heavy metals, trace
elements, organic compounds and radioactive compounds in the soil by taking advantage
of their unique and selective uptake capabilities, translocation, bioaccumulation,
contaminant storage or degradation (Harrigan 1999).
Phytoremediation has many advantages compared to other remediation techniques
of soil extraction, incineration, chemical treatment, and landfilling. It can be used to
decontaminate large areas, can be carried out with little environmental disturbance and is
applicable to a broad range of contaminants. Environmental toxicity is removed because
secondary wastes generated are negligible and organic pollutants may be degraded to
CO2 and H2O. It is cost-effective, the topsoil is left in usable condition and may be
reclaimed for agricultural use, and plant uptake of contaminated groundwater can prevent
off-site migration (Schwitzguebel 2001).
The different types of phytoremediation that are being used are—phytoextraction, by the use of pollutant-accumulating plants to remove metals or organics from
soil by concentrating them in harvestable plant parts; phytotransformation, using the
partial or total degradation of complex organic molecules or their incorporation into plant
tissues; phytostimulation, using the release of plant exudates/enzymes into the root zone
stimulating the microbial and fungal degradation of organic pollutants; phytovoltilization
by the use of plants to volatilize pollutants or metabolites; rhiozofiltration, by the use of
plant roots to absorb or adsorb pollutants from water and aqueous waste streams;
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phytostabilization, by the use of plants to reduce the mobility and bioavailability of
pollutants in the environment, preventing their migration to groundwater or their entry
into the food chain; hydraulic control, the control of the water table and the soil field
capacity by plant canopies (Schwitzguebel 2001).
Phytovolatilization is a process that depends upon the processes of metabolism,
uptake and translocation and results in the release of the metabolites or the contaminant
into the atmosphere. Phytodegradation results when contaminants are degraded within
plants through metabolic processes or through degradation external to the plant through
the effects of enzymes produced by the plant (Conger 2003). Transformation, uptake and
metabolism processes that occur within a particular application account for
phytodegradation mechanisms.
Uptake and transformation are dependent upon the contaminant hydrophobicity,
solubility, and polarity. It is generally assumed that the octanol-water coefficient (Kow)
can provide a good indication of the degree of uptake that could be expected for a
specific contaminant (Schnoor et al 1995). Contaminants with log Kow values between 0.5
and 3 are favorable to uptake in plants, while those with higher values may still be
translocated into the plant, but will be less favorable to uptake mechanisms.
Contaminants with high water solubilities and low sorption properties will also be more
suitable to plant uptake. Hydrophobic compounds typically are found bound to the root
surfaces or partitioned, but are not translocated beyond the roots (Schnoor et al 1995).
Phytodegradation is a common process in hybrid poplar, black willow, and
cypress trees. Such plants called phreatophytes require large supplies of water and as a
result have high transpiration capabilities. Phreatophytes are suitable for
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phytoremediation because of their typically high water usage rates and their fast growth
rates. They draw a lot of water into the plant and they are able to grow between 8 feet and
10 feet per year in their first three to five years (Harrigan 1999).
Background of the Test Site
The phytoremediation site is located within the BASF Corporation facility located
about 20 kilometers south of Baton Rouge, Louisiana in Ascension Parish. BASF
produces a wide variety of chemicals for the automotive, home construction, cosmetics, and
pharmaceutical industries. The developed portion of the facility includes about 350 hectares
of a total 1000 hectares of contiguous property owned by BASF in Ascension Parish. The
study location at BASF was contaminated through past waste management practices with
low-level concentrations of the herbicide bentazon. In October 1996, black willow plants
were planted at the site in two separate areas of 0.1 and 0.3 hectares which included
groundwater plumes of less than 10 mg/l in the shallow groundwater less than one-half
meter below the ground surface (Conger 2003).
The BASF test location was planted with black willow (Salix nigra) to take
advantage of phytodegradation and phytovolatilization capabilities of these plants
(Conger 2003). The contaminant, bentazon, is a chemical with high water solubility and
is very non-polar. Previous laboratory studies have shown that its metabolites are found
in the leaves of the black willow (Conger 2003). It is hypothesized that bentazon is
translocated through plant uptake into the leaves of the black willow. Bentazon degrades
in the presence of light and therefore it is postulated that the probable mechanism is
photodegradation to its metabolite compounds, which are less toxic, and this is followed
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by phytovolatilization into the atmosphere that occurs with photosynthesis through the
leaf stomata (Conger 2003).
Bentazon
Bentazon or 3-(1-methyethyl)-1H-2, 1,3-benzothiadiazin-4 (3H)-one-2, 2-dioxide
is a post-emergence herbicide used for selective control of broadleaf weeds and sedges in
beans, rice, corn, peanuts, mint, and others. It is used alone or in combination with other
active ingredients and is a component in a number of herbicides (Huber and Otto 1994).
Bentazon is a contact herbicide and it interferes with the ability of susceptible
plants to use sunlight for photosynthesis. Its selectivity is based on the potential of crop
plants to metabolize bentazon to 6-OH and 8-OH- bentazon and conjugate it with sugar.
The weeds die because of their inability to use sunlight for photosynthesis (Huber and
Otto 1994).

Figure 1: Chemical structure of bentazon
Environmental Behavior of Bentazon
Metabolism studies in plants indicate that bentazon is rapidly and effectively
degraded in the environment including the plants. Results from studies with plant species
tolerant to bentazon showed a similar pattern of metabolism of bentazon. Bentazon and
its conjugated form 6-OH-bentazon were identified in monocotyledonous plants, whereas
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in dicots, 6-OH- and 8-OH-bentazon were found (Huber and Otto 1994). It is difficult to
identify these metabolites because both are further metabolized rapidly. Another
metabolite often formed is 2-amino-N-isopropylbenzamide (AIBA). There was a
degradation of bentazon and its transformation products to small fragments, which were
incorporated into proteins, lignins, and starch (Huber and Otto 1994).
Bentazon is absorbed by plant leaves. It may also be absorbed by the roots and
translocated from the roots to other plant parts and the degree of translocation depends on
the type of plant. Bentazon is rapidly metabolized, reorganized, and incorporated into
natural plant components (EXTOXNET).
Bentazon has low persistence in soil. Under aerobic soil conditions, bentazon is
broken down by natural processes in less than two weeks (Huber and Otto 1994). It is
subject to breakdown by ultraviolet light from the sun and rapid degradation by soil
bacteria and fungi (Knauber et al 2000). Bentazon does not bind to soil particles and is
highly soluble in water. These characteristics usually suggest a strong probability for
groundwater contamination (van der Pas et al 1998).
Properties of Bentazon
The physical and chemical properties of a compound chiefly determine the
prevalence of a compound in ground water. Therefore, classification and modeling of
pesticides in order to estimate potential ground water contamination is based on
solubility, persistence, leachability parameters (van der Hoff et al 1999). Pure bentazon is
a colorless, odorless crystalline solid. (13). Bentazon is a thermally unstable polar
herbicide and has a slightly acidic character. It belongs to the thiodiazine family of
herbicides and its principal transformation products are 6- and 8-hydroxybentazon (Huber
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and Otto 1994). Thermal decomposition of bentazon releases oxides of nitrogen and
sulfur. Bentazon has a chemical formula of C10H12N2O3S with a molecular weight of
240.3. Bentazon exists at room temperature as a colorless to slight brown crystalline
powder with a melting point of from 137 C to 139 C (U.S. EPA 1998). Bentazon is not
very volatile having vapor pressure at 20 °C of < 0.1 x 10-7 mm Hg, and is highly soluble
in water at 500 mg/L (13) (U.S. EPA 1998).
An earlier study determined that bentazon was principally dissolved in the
groundwater at the phytoremediation site (Conger 1995). Very little bentazon was
believed to be adsorbed in the soil, as supported by the physical characteristics of
bentazon. The high solubility in water and a vapor pressure of <0.1 x 10-7 mm Hg (20°C)
of bentazon makes it extremely mobile in groundwater and less volatile under normal
temperature and pressure (Conger 2003). Derivative compounds cannot be easily
identified nor quantified, thus making fate determination by most analytical methods very
difficult. Bioremediation studies show that bentazon is not easily biodegradable (Conger
2003). Bentazon is considered moderately toxic and has a log octanol-water coefficient
(Kow) of 2.2, thus highly hydrophobic. This suggests a low potential for bioaccumulation
in the food chain (EXTOXNET). Phytoremediation research has found, in general, that
organic compounds with log Kow above 3 are less able to be translocated within plants
and become bound in the root systems, suggesting bentazon is likely to be translocated by
plants (Conger 2003).
Toxicological Effects
Bentazon is slightly toxic by ingestion and by dermal absorption. Human
ingestion of high doses gives symptoms of vomiting, diarrhea, trembling, weakness, and
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irregular or difficult breathing. It is moderately irritating to the skin, eyes, and respiratory
tract. Symptoms in animals include apathy, incoordination, prostration, tremors, anorexia,
vomiting, and diarrhea (EXTOXNET). The LD50 for bentazon in cats is 500 mg/Kg, in
rabbits is 750 mg/Kg, in mice is 400 mg/Kg, and in rats is 1100 to 2063 mg/Kg (13)
(EXTOXNET).
Absorption, Metabolism, and Excretion
Bentazon has been tested for its ability to be absorbed both orally and dermally.
Parent bentazon was the major form of bentazon found in the urine of orally dosed rats. It
accounted for 77%-91% of the administered dose, while 8-hydroxybentazon accounted
for 6.3% of the dose. Small amounts of the isomer 6-hydroxybentazon were found in the
urine. Rats excreted 91% of a radioactive dose as parent compound in the urine and also
eliminated 0.9% of the dose in the feces (U.S. EPA 1998). Subchronic toxicity testing in
several animal species has shown that bentazon produces a range of changes, including
loss of blood into the intestinal tract and a derangement of the clotting mechanism.
Several chronic studies show effects of bentazon on the intestinal tract as well as
hematological changes, body weight changes and some organ weight changes through
dietary exposure of the rat, mouse, and dog (U.S. EPA 1998).
Cancer Assessment
Available studies on human exposures have not shown any evidence of a
carcinogenic response (U.S. EPA 1998). Additionally, mutagenicity testing data have not
indicated a mutagenic potential of any concern for bentazon. EPA would characterize
bentazon as “a chemical not likely to be carcinogenic to humans.”
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Extraction of Pesticides from Plants
Determination of herbicide residues in foliage involves different steps, like
extraction, clean up or interference removal, analysis of herbicide residues and
confirmation of their identity. A clean-up procedure is usually carried out to remove coextracted compounds that may interfere in the chromatographic determination or are
damaging to the analytical instrumentation. The clean-up techniques most commonly in
use for acidic herbicides are liquid-liquid partitioning or adsorption chromatography,
such as column chromatography and solid-phase extraction (SPE). Many methods
require a combination of both (Tadeo et al 2000).
The physical and chemical properties of a chemical influence the ways it is
extracted and analyzed. Extraction of residues from plant material depends on the
polarity of the herbicide as well as on the type of sample matrix. The extraction
procedure generally involves sample homogenization with an organic solvent, alone or
mixed with water or pH-adjusted water, using a homogenizer, blender or sonicator (Tekel
et al 1996). Acetone, acetonitrile, methanol and ethyl acetate are the most usual organic
solvents employed in the extraction of herbicide residues from plant material. The
advantage of acetonitrile for plant matrices is that much of the lipophilic plant material,
such as fats and waxes, is not extracted. The extract therefore contains only a minor load
of co-extractives (Tekel et al 1996).
Liquid-Solid Extraction
Soxhlet Extraction
Sample preparation for the measurement of semi-volatile and nonvolatile organic
compounds from solid matrices is generally performed with liquid extraction techniques
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using organic solvents followed by a concentration step where most of the solvent is
evaporated. Although soaking, ultrasonic shaking, or rinsing methods are sometimes
employed, the most common laboratory procedure for the extraction step is the Soxhlet
reflux method. A Soxhlet extractor can be used to extract solutes from solids, using any
desired volatile solvent, which can be water-miscible or water-immiscible. The solvent is
vaporized and when it condenses, it drops on the solid substance contained in the thimble
and extracts soluble compounds. When the liquid level fills the body of the extractor, it
automatically siphons into the flask. This process continues repeatedly as the solvent in
the flask is vaporized and condensed.
Ultrasonic Extraction
Ultrasonic extraction procedure is used for extracting nonvolatile and semivolatile
organic compounds from solids. Ultrasonic extraction is based on increase of mass
exchange in pores of the solid phase when exposed to ultrasound, with repeated
deformation of material particle skeleton and generation of convection in cells.
Advantages of ultrasonic extraction over other methods are simplicity, minimization of
manual labor, shorter process time, and low cost.
Liquid-Liquid Extraction
In liquid-liquid extraction, the desired solutes are transferred from one liquid to
another immiscible liquid. When a solution of a solute in one of two immiscible solvents
is shaken vigorously with the other immiscible solvent, the solute will be distributed
between the two solvents in such a way that the ratio of the concentrations (in moles per
liter) of the solute is constant. This ratio is called the distribution coefficient, and it is
independent of the volumes of the two solvents and the total concentration of the solute.
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This type of extraction that transfers a solute from one solvent to another can be used to
separate reaction products from reactants and to separate desired substances from others
in solution. The separatory funnel is used for this purpose. Immiscible solvents, which are
incapable of mixing with each other to attain homogeneity and will separate from each
other into separate phases, must be used. Miscible solvents, which are capable of being
mixed in any ratio without separation into two phases, cannot be used.
In liquid-liquid extraction, a series of actions or operations are used to achieve the
transfer of a solute from one liquid to another. Thus extractants may be inert, or may be
graded according to polarity, hydrogen-bonding ability, etc. or they may be acidic or
basic, or chelating or ionic. These can then participate in selective extraction by
compound formation, solvation or ion pair formation. Most liquid-liquid extractions
involve two main steps, i.e. transfer from an aqueous phase to solvent and back from
solvent to another aqueous phase. Transfers are concentration dependent, and the overall
transfer can be expressed as a function of concentration and quantity.
Solid-Phase Extraction
Solid-phase extraction (SPE) has developed as an alternative to liquid-liquid
extraction (LLE) for the separation, purification, concentration and/or solvent exchange
of solutes from solution. Solid-phase extraction (SPE) is an extraction method that uses a
solid phase and a liquid phase to isolate one, or one type, of analyte from a solution. It is
usually used to clean up a sample before using a chromatographic or other analytical
method to quantitate the amount of analyte(s) in the sample. The general procedure for
SPE is to load a solution onto the SPE phase, wash away undesired components, and then
elute the desired analytes with another solvent into a collection tube. Solid-phase
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extractions use the same type of stationary phases as are used in liquid chromatography
columns except that the particle size of the stationary phase is bigger for SPE. The
stationary phase is contained in a glass or plastic column above a frit or glass wool. The
column might have a frit on top of the stationary phase and might also have a stopcock to
control the flow of solvent through the column. Typical commercial SPE cartridges have
1-10 ml capacities and are discarded after use. A tube is placed below the SPE cartridge
to collect the liquid that passes through the column. The purpose of SPE is to achieve
concentration, cleanup of the sample, and removal of the sample matrix/solvent exchange
(Simpson 2000).
Resolving the problems posed by the sample matrix is the most difficult step in
developing a solid-phase extraction (SPE) procedure. Plant material is a complex
structure consisting of a fibrous framework of cellulose and fatty substances, supporting
an aqueous matrix which provides both structural and transport properties to the plant.
The plant material must be changed into an aqueous phase without removing the target
analytes with any separated matrix material when modifying SPE methods to the
extraction of compounds from plants (Simpson 2000).
The ionic character of the sample can be exploited by adjustments in pH.
Acid/base equilibrium plays a significant role in the recovery of the analytes by SPE. If
the analyte to be retained on the bonded phase solely by a hydrophobic or vander Waals
interaction, then the sample pH must be adjusted to produce the un-ionized form of the
analyte. Alternatively, the ionic form of the analyte may be utilized to take advantage of
ion exchange sorbents. Acid herbicides like bentazon are extracted by hydrolysis with a
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basic solution and adjusting the pH by acidifying the sample solution and later applying
to the SPE cartridge for cleanup (Svee and Hickes 2001).
Quantitation and Analysis
Chromatographic process can be defined as a partitioning method involving masstransfer between stationary and mobile phases. Gas chromatography is a versatile and
sensitive method for residue analysis, due to the high sensitivity achieved with electron
capture (ECD), nitrogen-phosphorus (NPD) and flame photometric (FPD) detection.
Mass spectrometry is the most valuable detection technique, because it provides
information about molecular structure of the compound and is also highly sensitive and
selective when used in the single ion monitoring (SIM) mode. High-performance liquid
chromatography (HPLC) is generally used when the volatility of a compound is low or
when it is thermally unstable making it unsuitable for GC determination (Wells et al
2000). HPLC has, in general, lower sensitivity for trace analysis, particularly with
ultraviolet (UV) detection (Wells et al 2000).
Gas Chromatography
In gas chromatography, the sample is vaporized and injected onto the head of the
chromatographic column. The sample is then transported through the column by the flow
of inert, gaseous mobile phase. The column consists of a stationary phase and separation
is achieved by distributing the substances between the moving gaseous phase and the
stationary phase. Depending on the type of stationary phase used gas chromatography is
classified as gas liquid chromatography or gas solid chromatography. The most
commonly used method used for analysis of acidic herbicides is the gas liquid
chromatography. The liquid stationary phase used should be inert, thermally stable and
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nonvolatile. Polysiloxanes such as methyl siloxanes or phenyl methyl siloxanes are the
most commonly used liquid stationary phases in gas liquid chromatography.

Figure 2: Schematic diagram of a gas chromatograph.
(http://www.shu.ac.uk/schools/sci/chem/tutorials/chrom/gaschrm.htm)
Instrument Components
The carrier gas must be chemically inert. The commonly used gases include
nitrogen, helium, argon, and carbon dioxide and the choice of carrier gas is often
dependant on the type of detector used.
The most common injection method is where a microsyringe is used to inject
sample through a rubber septum into a flash vaporizer port at the head of the column. The
temperature of the sample port is usually about 50°C higher than the boiling of the least
volatile component of the sample. For capillary GC, the injector can be used in one of the
two modes, split or splitless. In the split mode, the carrier gas enters the chamber and can
leave by three routes. The sample vaporizes to form a mixture of carrier gas, vaporized
solvent and vaporized solutes. A fraction of this mixture passes onto the column, but
most of it exits through the split outlet. In the splitless mode, most of the sample enters
the column.
There are two types of columns, packed and capillary. Packed columns contain a
finely divided, inert, solid support material coated with liquid stationary phase. Most
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packed columns are 1.5 – 10 m in length and have an internal diameter of 2 – 4 mm.
Capillary columns have an internal diameter of a few tenths of a millimeter. They can be
one of two types; wall-coated open tubular (WCOT) columns consisting of a capillary
tube whose walls are coated with liquid stationary phase or support-coated open tubular
(SCOT) columns in which the inner wall of the capillary is lined with a thin layer of
support material such as diatomaceous earth, onto which the stationary phase has been
adsorbed.
The optimum column temperature is dependant upon the boiling point of the
sample. A temperature slightly above the average boiling point of the sample results in an
elution time of 2-30 minutes. Minimal temperatures give good resolution, but increase
elution times. If a sample has a wide boiling range, then temperature programming can be
useful in which the column temperature is increased either constantly or in steps as
separation proceeds.
There are many detectors that can be used in gas chromatography which give
different types of selectivity. A non-selective detector responds to all compounds except
the carrier gas, a selective detector responds to a range of compounds with a common
physical or chemical property. A specific detector responds to a single chemical
compound. In this study, two types of detectors were used—the electron capture detector
as the primary instrument and the mass selective detector for confirmation.
Electron Capture Detector
In the Electron capture detector (ECD), some of the carrier gas is ionized and a
current is produced between a biased pair of electrodes using a radioactive beta emitter
(electrons). An ECD consists of a sealed stainless steel cylinder that contains radioactive
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nickel-63. The nickel-63 emits beta particles which collide with the carrier gas molecules
ionizing them in the process and formation of a stable cloud of free electrons in the ECD
cell. The number of free electrons is reduced when an electronegative molecule such as a
halogenated molecule enters the cell and immediately combines with one of the free
electrons. The detector electronics pulse at a variable rate to measure the electrons
remaining in the cell. The ECD is extremely sensitive to electronegative molecules such
as halogenated compounds or those containing nitrogen. The ECD detects chlorinated
pesticides, halogenated solvents, PCBs, and dioxins. The ECD can detect halogenated
compounds in the low ppb to part per trillion range.
Mass Spectrometer
Mass spectrometers use the difference in mass-to-charge ratio (m/e) of ionized
atoms or molecules to separate them from each other. Mass spectrometry is therefore
useful for quantitation of atoms or molecules and also for determining chemical and
structural information about molecules. Molecules have distinctive fragmentation
patterns that provide structural information to identify structural components. The mass
spectrometer works by first creating gas-phase ions, separating the ions in space or time
based on their mass-to-charge ratio, and then measuring the quantity of ions of each
mass-to-charge ratio. A mass spectrometer consists of an ion source, a mass-selective
analyzer, and an ion detector. The sample enters the ionization chamber from the GC
column via a capillary column interface. The two potential methods for ion production in
the ionization chamber are the electron impact (EI) and chemical ionization (CI). In
electron impact ionization, a collimated beam of electrons impact the sample molecules
causing the loss of an electron from the molecule. A molecule with one electron missing
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is represented by M+ and is called the molecular ion (or parent ion). When the resulting
peak from this ion is seen in a mass spectrum, it gives the molecular weight of the
compound. In Chemical ionization, the methane gas (or other gas) is ionized creating a
radical which in turn impacts the sample molecule to produce M.H+ molecular ions.
Some of the molecular ions fragment into smaller daughter ions and neutral fragments.
Both positive and negative ions are formed but only positively charged species can be
detected. After ionization, a small positive potential is used to repel the positive ions out
of the ionization chamber.
The mass analyzer separates the positively charged particles from the ionization
chamber according to their mass. The different types of mass analyzer designs used are:
Fourier-transform MS, ion-trap MS, magnetic-sector MS, quadrupole MS, time-of-flight
MS. The most commonly used ones are quadrupoles and ion traps. After the ions are
separated according to their masses, they enter a detector and then on to an amplifier to
enhance the signal. Information from the detector is sent to the computer which records
all the data produced and converts the electrical impulses into visual displays.
Identification of a compound based on its mass spectrum is possible because every
compound has a unique fragmentation pattern. A display of the electron multiplier signal
generated by the sorted molecular ions is displayed as the mass spectrum. The relative
intensity of mass peaks to their mass-to-charge ratios appears in the form of a bar graph
in the mass spectrum. The largest peak in each spectrum is called the base peak. The
heights of the remaining peaks are calculated as a percentage of the base peak height. For
identification of the compound, its mass spectrum may be compared to a spectral library.
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Table 1: Summary of common GC detectors
(http://www.shu.ac.uk/schools/sci/chem/tutorials/chrom/gaschrm.htm)
Detector
Selectivity
Detection Dynamic
limit
range
Flame
Most organic compounds
100 pg
107
ionization
Thermal
Universal
1 ng
107
conductivit
y
Electron
Halides, nitrates, nitriles,
50 fg
105
capture
peroxides
NitrogenNitrogen, phosphorus
10 pg
106
phosphorus
Sulfur, phosphorus, tin, boron,
Flame
arsenic, germanium, selenium,
100 pg
103
photometric
chromium
High Performance Liquid Chromatography
High Performance Liquid Chromatography (HPLC) is a mode of chromatography
which utilizes a liquid mobile phase to separate the components of a mixture. These
components are first dissolved in a solvent, and then forced to flow through a
chromatographic column under high pressure. The mixture is resolved into its
components in the column and the amount of resolution is dependent upon the extent of
interaction between the solute components and the stationary phase. The stationary phase
is the immobile packing material in the column. The interaction of the solute with mobile
and stationary phases can be manipulated through different choices of both solvents and
stationary phases. Consequently, a high degree of versatility and the ability to easily
separate a wide variety of chemical mixtures can be achieved with HPLC not attained in
other chromatographic systems.
Types of HPLC
Liquid column chromatography can be classified into three modes depending on
the nature of the stationary phase and the separation process. In adsorption
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chromatography, the stationary phase is an adsorbent and the separation is based on
repeated adsorption-desorption steps. In ion-exchange chromatography, used only for
ionic or ionizable samples, the stationary bed has an ionically charged surface of opposite
charge to the sample ions. The pH and ionic strength of the mobile phase are used to
control elution time. In size exclusion chromatography, the sample is screened or filtered
according to its solvated molecular size by the column filled with material having
precisely controlled pore sizes. Larger molecules are rapidly washed through the column
and the smaller molecules penetrate inside the porous of the packing particles and elute
later. Adsorption chromatography is of two types, normal and reversed-phase
chromatography, depending on the relative polarity of the two phases. The stationary bed
is strongly polar (e.g., silica gel) and the mobile phase is nonpolar (such as n-hexane or
tetrahydrofuran) in normal phase chromatography. Polar samples are thus retained on the
polar surface of the column packing longer than less polar materials. In
reversed-phase chromatography, the stationary bed is nonpolar (hydrophobic) in nature,
while the mobile phase is a polar liquid, such as mixtures of water and methanol or
acetonitrile. In this type, the nonpolar compounds are retained for a longer period of time.
The composition of the mobile phase can be constant or varied during a single
chromatographic run to speed up the process and to achieve better resolution. There are
two types of elution: isocratic and gradient. In isocratic elution, constant eluent
composition is pumped through the column during the whole analysis. In the gradient
type, eluent composition and strength is steadily changed during the run.
HPLC is a dynamic adsorption process. Analyte molecules, while moving through
the porous packing bead, tend to interact with the surface adsorption sites. Depending on
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the HPLC mode, the different types of the adsorption forces may be included in the
retention process: hydrophobic, dipole-dipole interactions, and ionic interactions. The
analyte molecules compete with the eluent molecules for the adsorption sites. The
stronger analyte molecules interact with the surface, and the weaker the eluent
interaction, the longer analyte will be retained on the surface.
Mobile Phases
In HPLC, the type and composition of the mobile phase (eluent) is one of the
variables influencing the separation. The properties of solvents used in HPLC are purity,
detector compatibility, solubility of the sample, low viscosity, and chemical inertness.
The requirements for the type of mobile phase used are different for each mode of HPLC.
For normal phase mode solvents are mainly nonpolar, for reversed-phase eluents are
usually a mixture of water with some polar organic solvent such as acetonitrile. For sizeexclusion HPLC, the eluents have to dissolve polymers and suppress all possible
interactions of the sample molecule with the surface of the packing material.
Instrumentation
HPLC instrumentation consists of a pump, injector, column, detector and recorder
or data system. Since the stationary phase is composed of micrometer size porous
particles, a high pressure pump is required to move the mobile phase through the column.
The chromatographic process begins by injecting the solute onto the top of the column.
Separation of components takes place as the analytes and mobile phase are pumped
through the column. A chromatogram is the response of the detector to each component
displayed on a chart recorder or computer screen. To collect, store and analyze the
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chromatographic data computers, integrators, and other data processing equipment are
used.
HPLC Detectors
Existing LC detectors have a wide dynamic range normally permitting both
analytical and preparative scale runs on the same instrument. They also have high
sensitivities frequently enabling the detection of nanograms of compounds. The most
common HPLC detectors are: refractive index, uv/visible – fixed wavelength, variable
wavelength, diode array, florescence, and the less common conductivity, massspectrometric (LC/MS), evaporative light scattering. The most commonly used method in
the determination of herbicide residues is UV detection with fixed or variable wavelength
detector (Tadeo et al 2000). In this study, reversed phase HPLC with UV detection was
used.
UV Detector
In the ultraviolet detector, a beam of the electromagnetic radiation passed through
the detector flow-cell has a change in its intensity due to interaction of a chemical
compound with the electromagnetic field. Measurement of these changes is the basis of
most optical HPLC detectors. Radiation absorbance depends on the radiation wavelength
and the functional groups of the chemical compound. Electromagnetic field depending on
its energy can interact with electrons causing their excitation and transfer to higher
energy levels, or it can excite molecular bonds causing their vibration or rotation of the
functional group. The intensity of the beam will decrease while it is passing through the
flow-cell. According to the Lambert-Bear law absorbance of the radiation is proportional
to the compound concentration in the cell and the length of the cell. In liquid
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chromatography, spectrophotometers working in the range (200 - 600 nm) are used
widely as LC detectors. UV and visible region of the electromagnetic radiation
corresponds to the excitation of the relatively low energy electrons or non-paired
electrons of some functional groups. For example, n-alkanes absorb in the UV region
below 180 nm. σ-electrons require high energy radiation to get excited and to show
absorption of the radiation. But compounds having benzene ring will show absorbance at
205-225 and 245-265 nm. UV/VIS detectors can analyze the majority of organic
compounds. Nearly, 70% of published HPLC analyses were performed with UV/VIS
detectors. Also, the relative ease of its operation makes the UV detector the most useful
and the most widely used LC detector.
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MATERIALS AND METHODS
Sample Collection
Plant samples were collected from the phytoremediation site at the BASF facility
over a period of one year from December 2001 to December 2002. Samples were
collected as five sets with a sampling interval of about 2 to 3 months. Samples were
sorted into roots, stems, and leaves and labeled as I, II, III, IV, and V sets. The third and
fourth set of samples consisted of the leaves, stems, and the roots. The second set
consisted only of the stems and the first and fifth set of samples consisted of the leaves
and stems but not the roots. Samples were homogenized and ground into small particles
using a blender and stored in the refrigerator until the day of analysis.
Liquid-Solid Extraction
Soxhlet Extraction
Soxhlet extractions were performed on plant samples (50 g, wet weight) using
200 ml of methylene chloride. The Soxhlet extracts were allowed to reflux for 16-18 h.
The resulting extraction solution was then rotary evaporated to about 5 ml and submitted
to GC analysis.
Ultrasonic Extraction
Plant samples (50 g, wet weight) were suspended in 200-300 ml of methylene
chloride and extracted in ultrasonic bath for 45 min. Extracts were filtered and eluates
were reduced to approximately 5 ml by rotary evaporation at reduced pressure and
submitted to GC analysis.

25

Liquid-Liquid Extraction
The liquid-liquid extraction procedure in this research follows the method
practiced routinely for extraction of acidic herbicides from foliage at the Agricultural
Chemistry Pesticide Residue Laboratory. This procedure is validated by the U.S.
Environmental Protection Agency (EPA) and reported in the Pesticide Analytical Manual
(PAM) 221.1 – 222.15 of the Food and Drug Administration. All extractions were
performed at the Pesticide Residue Laboratory in the LSU Agricultural Chemistry
Building.
Preparation of Standards
Bentazon of 99.8% purity was obtained from AccuStandard, Inc. (New Haven,
CT 06513, USA). A Bentazon stock standard solution of concentration 750 µg/ml was
prepared by dissolving 0.075 g of bentazon in 100 ml of acetone and stored in a
polypropylene bottle. A 1 ml of this standard solution was eventually derivatized to
produce calibration solutions of five concentrations at 0.2 µg/ml, 0.4 µg/ml, 0.8 µg/ml,
1.7 µg/ml, and 3.0 µg/ml.
Recovery Studies
To study the accuracy of the extraction procedure, 25 g of plant samples were
spiked with the standard bentazon solution to produce samples containing the pesticides
at spiking level of 1.0 mg/kg. To calculate the standard deviation, 4 replicate spikes were
analyzed.
Extraction
Four replicates of spiked (external standard added) and unspiked (external
standard not added) samples of each of the sample matrix were extracted using the
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following procedure. Samples were allowed to come to room temperature. 25 g (wet
weight) of the sample was weighed into a blender jar and 350 ml of extraction reagent
(65 ml Acetonitrile + 35 ml deionized water) was added to it and blended for 5 minutes.
The sample was filtered and the volume was recorded. The sample was then filtered to a
1-liter round-bottom flask and the acetonitrile was evaporated on the rotary evaporator
with a 50 C water bath.
To the remaining aqueous phase 1 g NaCl and 25 ml of 3% NaOH was added and
the sample was transferred to a 250 ml separatory funnel using several rinses of deionized
water. The round-bottom flask was rinsed with 40 ml Chloroform and added to the
separatory funnel. The separatory funnel was shaken for 2 minutes releasing pressure
every 15-20 seconds. Two phases were allowed to separate and lower chloroform layer
was discarded. The aqueous phase was re-extracted with 20 ml Chloroform and discarded
as before. The aqueous phase was then acidified with 25 ml 10% H2SO4.
A large funnel for each sample was prepared by plugging the stem with a small
amount of rinsed glass wool in the bowl and filling approximately ¼ full with acidified
sodium sulfate. The sample was extracted with 50 ml, 25 ml, and 25 ml of Chloroform
and each extract was drained through sodium sulfate filter prepared above. The
chloroform layer was drained from the filter into a 500 ml round-bottom flask, 1 ml isooctane was added and concentrated on rotary evaporator with a 50 C water bath until 1-2
ml remain. The sample was transferred to a 400 ml beaker with 1-2 small rinses of isooctane and the sample brought just to dryness under nitrogen.
Emulsions, which are colloidal suspensions of the organic solvent in the aqueous
solvent, are frequently formed when aqueous solutions are extracted with organic
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solvents instead of two separate and distinct phases. When emulsions formed, the
aqueous and organic components were separated by centrifugation. Bentazon has acidic
and polar character and can only be analyzed by GC after diazomethane derivatization.
Derivatization
The derivatizing agent was prepared by dissolving 2.3 g of KOH in 2.3 ml
distilled water in a 125 ml flask and cooled to room temperature. 25 ml ethyl ether was
added and refrigerate until cool. 1.5 g of N-methyl-N-nitro-N-nitroguanidine was
weighed into a small beaker and crushed with a glass stir rod under the hood. The
crushed nitrosoguanidine was added to the flask in an ice bath under the hood and the
flask shaken to insure complete reaction. The yellow colored ethyl ether was poured into
another flask carefully so that no particulates or aqueous layer came over.
To the foliage sample residue from the extraction procedure in the 400 ml beaker,
5 ml derivitizing agent (yellow ethyl ether) and 1 ml iso-octane was added and stirred.
The ether was evaporated from the sample on a 40 C water bath leaving the iso-octane. A
small funnel was prepared by inserting a small amount of glass wool into the bowl and
filling approximately ½ full of acidified sodium sulfate. The sample was transferred in
iso-octane from beaker into 5 ml graduated centrifuge tube by rinsing beaker with 2-3 ml
iso-octane 3-4 times and pouring rinsates through the small prepared funnel and analyzed
with GC or HPLC.
Florisil Cleanup
Four replicates of spiked leaf samples from the fourth set of samples were
extracted using the above LLE procedure from the PAM and derivatized followed by
Florisil clean-up and analyzed by GC-ECD. Florisil cleanup procedure used was
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according to the method described by Fung Ngan and Thomas Ikesaki for determination
of acidic herbicides in soil and water. Florisil (60-100 mesh ASTM, Merck) was
activated at 600 C for 4 h and kept in an oven at 130 C for one day and stored in a wellclosed flask before use.
A micro disposable Florisil column was prepared by adding a layer of 1 cm of
anhydrous sodium sulfate to a long disposable pipet plugged with a small amount of glass
wool. On top of the sodium sulfate, a layer of 6-7 cm of heat-activated Florisil was
added. The micro Florisil column was then rinsed with n-hexane to remove any
impurities. The derivatized sample was pipetted slowly through the Florisil column and
the column was then washed with about 5 ml of n-hexane. The n-hexane layer was
discarded. The column was washed with 15 ml of methylene chloride. The methylene
chloride was collected and dried with a gentle stream of nitrogen. 1 ml of n-hexane was
added and the sample was ready for GC analysis. After extraction and cleanup
procedures, the samples were first analyzed by GC-ECD and then by GC-MSD for
confirmation.
Quantitation
GC-ECD Analysis
The GC analysis was carried out on a Hewlett-Packard Model 5980 gas
chromatograph with electron-capture detector (ECD), an on-column injector and dual
capillary columns, Rtx-35 (30M x 0.25 mm I.D., film thickness 0.25 uM) and Rtx-5 (30M
x 0.25 mm I.D., film thickness 0.25 uM), columns connected to the ECD. As a result,
herbicides found in one column can be confirmed simultaneously using a different
column. The dual-column approach has the advantage of providing secondary
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confirmation without the necessity to change columns in the gas chromatograph. The
following temperature program was used: 80 C for 1 min, 80 C to 190 C at 20 C/min, 190
C to 260 C at 8 C/min, 260 C for 70 minutes. The gas flow rates were carrier gas
(helium) 10 ml/min and the auxiliary gas to the detector was nitrogen at 60 ml/min. The
detector temperature was set at 350 C.
Determination by GC-ECD was carried out by injecting 2 µl of the final extract.
GC analysis of the spiked and unspiked samples followed system suitability. The
unspiked samples consisted of 4 replicate samples for different matrix types (leaves,
stems, and roots) for the five sample sets (I, II, III, IV, and V). The spiked samples
consisted of 4 replicate samples for I, II, III, IV, and V sample sets. Single injections of
the calibration standard solutions 7.5 µg/ml and 0.75 µg/ml were made from the least to
the most concentrated. Unspiked samples were then injected followed by the spiked
sample injections from least to most concentrated. This order of injections was followed
to minimize the effects of cross contamination. Standards were re-injected after every 3-4
sample extract injections. After the injection of all sample extracts, calibration standards
were injected again. The concentration of bentazon in the final extract was calculated
using the following formula:
Concentration (µg/g) =

µg/ml x sample area x Dilution x Total volume of the extract
Standard area x Sample weight

Where:
µg/ml
Sample area
Dilution
Standard area
Sample weight

=
=
=
=
=

Concentration of the standard bentazon solution
Area of the peak of the analyte in the sample
Dilution factor, if the sample was diluted prior to analysis
Area of the peak of the standard betazon solution
Weight of the sample extracted
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The percent spike recovery was calculated using the following formula:
% Recovery

= (µg/g) (Standard concentration) (100)
Sample weight

Where:
µg/kg

= Concentration of the analyte in the final sample extract
determined using peak area
Sample weight
= Weight of the sample extracted
Standard concentration = Concentration of the standard bentazon solution spiked
on the sample before extraction
GC-MS Analysis
The GC-MS system consisted of a Hewlett-Packard 6890 series II gas
chromatograph fitted with a Hewlett-Packard HP-5 MS column (5% phenyl methyl
siloxane, 30 m x 250 µm x .25 µm film thickness), a Hewlett-Packard 5973 Series massselective detector, HP 6890 autosampler injector with Hewlett-Packard G1034C MS
Chemstation software. The injection (splitless) and transfer line temperatures were 250
and 280 C respectively and the oven temperature programmed was 80 C for 1 minute,
ramping at 20 C/minute to 190 C and 8 C/minute to 260 C for 5 minutes. Helium
(>99.996%) was used as the carrier gas and electronic pressure control in constant flow
mode delivered 1.2 ml/min. Selected ion monitoring data was collected between 7.0 and
10.0 min monitoring ions with m/z values of 212, 133, and 254 for bentazon. The first
ion listed was for quantification and the other two for confirmation of bentazon. Table 1
shows the characteristics of the column evaluated and the operating conditions used by
the GC-MS system.
Calibration standards of five concentrations at 0.2 µg/ml, 0.4 µg/ml, 0.8 µg/ml,
1.7 µg/ml, and 3.0 µg/ml were injected to obtain a calibration curve. GC analysis of the
spiked and unspiked samples followed system suitability. The unspiked samples

31

consisted of 4 replicate samples of each matrix type (leaves, stems, and roots) for each IV
and V sample sets. The spiked samples consisted of 4 replicate samples for IV and V
sample sets. Single injections of the calibration standard solutions 0.2 µg/ml to 3.0 µg/ml
were made from the least to the most concentrated. Unspiked samples were then injected
followed by the spiked sample injections from least to most concentrated. This order of
injections was followed to minimize the effects of cross contamination. Calibration
standards of all the five concentrations were re-injected after every 5-6 sample extract
injections. After the injection of all sample extracts, calibration standards were injected
again. The retention times of unknown sample peaks were compared to the
Table 2: GC-MS column and experimental conditions
Characteristics
HP-5 MS column
Stationary phase
5% phenyl methyl siloxane
Dimensions
30 m x 250 µm
Film thickness
0.25 µm
Injector port
Splitless
Injector port temperature
200°C
Split mode
Splitless
Injection volume
2 µL
Carrier flow rate
40 cm/sec
Column head pressure
11.25 psi
Detector temperature
280 C
Oven initial temperature
80 C
Ramp rate
20 C/min
Oven final temperature
260 C (hold for 5 min)
retention time of known standards. Identification was considered positive when the
retention time of the unknown peak was within the appropriate limits of the retention
time of the standard. The percent spike recovery was calculated using the following
external standard formula:
% Recovery

= (µg/ml)(FV)(DL)
(AL) (µg)
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The amount (in µg/g) of herbicide in the sample was calculated using the following
external standard formula:
Amount (µg/g) = (µg/ml)(FV)(DL)
(AL) (g)
Where:
µg/ml =
AL
FV
DL
µg
G

=
=
=
=
=

Concentration of the analyte in the final sample extract determined
from standard calibration curve using peak area.
Aliquot in ml (e.g. 20/100 ml)
Final volume in ml
Dilution factor
Micrograms of standard used for spiking
Sample weight

Method Detection Limit
To study the method detection limit (MDL), 25 g of plant samples were spiked
with 1 ml of standard bentazon solution with concentrations ranging from 0.75 µg/ml to
75 µg/ml to produce samples containing bentazon levels ranging from 0 .03 to 3 µg/g. To
calculate the standard deviation, 4 replicate spikes were analyzed and the MDL was
determined for the above LLE procedure.
The procedure used in this study for determination of the MDL follows the EPA
procedure. According to the EPA, the MDL is defined as the minimum concentration of a
substance that can be measured and reported with 99% confidence that the analyte
concentration is greater than zero and is determined from analysis of a sample in a given
matrix containing the analyte. The procedure requires a complete, specific, and welldefined analytical method and it is essential that all sample processing steps of the
analytical method be included in the determination of the MDL. The MDL obtained by
this procedure is used to judge the significance of a single measurement of a future
sample. The MDL procedure was designed for applicability to a broad variety of physical
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and chemical methods and therefore was made device or instrument independent. For
operational purposes, when it is necessary to determine the MDL in the matrix, the MDL
should be determined by multiplying the appropriate one-sided 99% t-statistic by the
standard deviation obtained from a minimum of three analyses of a matrix spike
containing the analyte of interest at a concentration three to five times the estimated
MDL, where the t-statistic is obtained from standard references or the table below.
Table 3: t-statistic for calculating MDL (EPA, SW-846)
No. of samples t-statistic
6.96
3
4.54
4
3.75
5
3.36
6
3.14
7
3.00
8
2.90
9
2.82
10
An estimate of the detection limit was made using the concentration value that
corresponds to an instrument signal/noise in the range of 2.5 to 5. The variance (S2) and
standard deviation (s) of the replicate measurements is calculated as follows:
2

 n
 
∑ Xi  

1
1  n
2
2
S =
X i −  i =1   S = (S 2 )2
∑

n − 1  i =1
n





Where Xi; i = 1 to n, are the analytical results in the final method reporting units obtained
from the n sample aliquots and Σ refers to the sum of the X values from i to n.
The MDL for the analyte was determined as follows:
MDL= t(n-1, ∝=.99) (s)
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Where:
t(n-1, ∝=.99) = the one-sided t-statistic appropriate for the number of samples used to
determine (s) at the 99 percent level.
The 95% confidence interval estimates for the MDL derived above are computed
according to the following equations.
Upper Confidence Limit, UCL= mean + (2s)
Lower Confidence Limit, LCL= mean – (2s)
Solid-Phase Extraction
The fifth set of samples consisting of the stems and leaves were used for
extraction using the solid phase extraction procedure. The method developed by the
Montana Department of Agriculture utilizes a hydrophilic/lipophilic balance SPE
cartridge (Oasis HLB) that gives consistent spike recovery for a wide variety of matrices.
It is a gas liquid chromatography method applicable to the determination of chlorinated
phenoxy acid herbicides in vegetation. This method is designed for analysis with a mass
selective detector (MSD) as both the primary and confirmation instrument. The method
used in this project is an adaptation to the Montana procedure enabling the extraction and
clean-up of the acid herbicide, bentazon.
Modifications to the Montana procedure: The cartridges used for clean-up were 6
ml disposable extraction cartridges packed with 200 mg or 500 mg of styrene
divinylbenzene copolymer (SDB) from Supelco (Bellefonte, PA). At the derivitization
step, the samples were derivatized using N-methyl-N-nitro-N-nitroguanidine instead of
methylation with diazomethane.
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Principle
Chlorinated phenoxy acid herbicides in the form of esters and/or salts are
extracted using 0.2 N sodium hydroxide to hydrolyze derivatives. After adjusting the pH
to 1 with 1% sulfuric acid, the sample solution is applied to SPE cartridge for cleanup.
The analytes are eluted with Methanol/MTBE (10:90) and then converted from the acid
form to the methyl ester form using N-methyl-N-nitro-N-nitroguanidine. Primary
instrumentation is gas liquid chromatography with a Mass Selective Detector (MSD).
Chemicals and Solutions
Bentazon of 99.8% purity was obtained from AccuStandard, Inc. (New Haven,
CT 06513, USA). The N-methyl-N-nitro-N-nitroguanidine for the derivatization was
used. The anhydrous sodium sulfate was analytical-reagent grade. Acetone, acetonitrile
of 98 to >99% purity was used. The 0.2 N NaOH extracting solution was prepared by
dissolving 8g of sodium hydroxide pellets into 1L of deionized water and mixed
thoroughly. The 1% H2SO4/2.5% NaCl Solution was prepared by adding 5 ml
concentrated H2SO4 to approximately 250 ml deionized water. In a tightly sealed brown
bottle, 12.5 g NaCl which has been baked at 450 ºC for 4 hours, cooled and stored was
added. Water, NaCl and dissolved acid are quantitatively transferred into a 500 ml
volumetric flask and adjusted to volume with deionized water. The 0.1N HCl was
prepared by adding 8.2 ml of concentrated HCl into 1 L of deionized water and mixed
thoroughly. The10% MeOH in MTBE was prepared by adding 20 ml methanol to a 200
ml volumetric flask and then brought to volume with MTBE. A 2% HCl in 10%
MeOH/H2O was prepared by adding 1 ml concentrated HCl and 5 ml MeOH into a 50 ml
volumetric flask and brought to volume with deionized water. Acidified Na2SO4 was
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prepared by baking sodium sulfate at 600 C for 4 hours and cooled. About 300g sodium
sulfate was weighed into a side arm vacuum flask. Enough ethyl ether was added to just
cover the sodium sulfate and 0.5 ml concentrated sulfuric acid was added for every 100 g
of sodium sulfate and mixed well. Excess ethyl ether was decanted and the flask was
placed into a pan of water to prevent freezing. The flask was attached to a vacuum
apparatus and aspirated for 1 hour to remove the ethyl ether. Sodium sulfate was then
transferred to a shallow dish and dried under a fume hood and mixed to aid evaporation
of the ethyl ether. The pH of the acidified sodium sulfate was checked by mixing 1 g of
the sodium sulfate with 5 ml deionized distilled water. The pH was adjusted to be less
than 4. Acidified sodium sulfate was stored in 600 ml beakers in a 130 C oven.
Standard Preparation
A Bentazon stock standard solution of concentration 750 µg/ml was prepared by
dissolving 0.075 g of bentazon in 100 ml of acetone and stored in an amber bottle. A 1 ml
of this standard solution was eventually derivatized to produce calibration solutions of
five concentrations at 0.2 µg/ml, 0.4 µg/ml, 0.8 µg/ml, 1.7 µg/ml, and 3.0 µg/ml. All
standard and stock solutions were stored in amber bottles at 2-8°C. Samples were spiked
at two levels i.e., at 0.5 µg/g and 3 µg/g by spiking 1 ml of 11.25 µg/ml and 1 ml of 75
µg/ml of the standard solution respectively onto 25 g of the plant material. Four replicate
spiked samples were prepared at each level.
Sample Extraction and Cleanup
Sample Extraction
A 20.0 g of homogenous, ground sample was weighed into a screw capped 200 ml
centrifuge bottle and 100 ml 0.2 N NaOH extraction solution was added to each sample.
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Samples were spiked as described above. The proper spiking method is to spike directly
onto the vegetation prior to the addition of the extraction solution. Each centrifuge bottle
was sealed with Teflon tape and capped with a lid and mixed thoroughly by shaking.
Samples are allowed to soak in extraction solution overnight. Samples were centrifuged
at approximately 2,000 rpm (setting 35) for 20 minutes. The resulting sample extract was
decanted from each sample into labeled Erlenmeyer flasks. A 5 ml aliquot of each sample
extract was measured into 100 ml conical centrifuge tubes. The remainder of the sample
extracts was stored in the cooler when not being used.
A 35 ml 0.2 N NaOH to each 5 ml aliquot and 60 ml of 1% H2SO4/2.5% NaCl
solution was transferred to each centrifuge tube. The samples are then thoroughly mixed.
The pH of the mixed sample was checked with pH paper. The pH should be  1. The pH
was adjusted with additional acid solution if it was not 1. The samples were centrifuged
at approximately 2,000 rpm (setting 35) for 15 minutes. A small pellet was formed at the
bottom of the centrifuge tube.
Sample Cleanup
A vacuum manifold and pump apparatus was assembled and low vacuum pressure
(less than 3 mmHg) was used to condition a 200 mg Oasis HLB cartridge with 3 ml of
MeOH/MTBE (10:90), followed by 2 ml of MeOH and 2 ml of H2O. To the top of each
Oasis cartridge 2-3 ml of the sample was added and 75 ml reservoirs were attached.
Sample from the centrifuge tube was added to the reservoir using care not to add the
pellet to each reservoir and eluted through the cartridges in a drop wise fashion (~4
ml/min). The cartridge was allowed to go to dryness and then the vacuum was increased
until there was no more sample coming off the cartridge. The cartridge was rinsed with
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1 ml 2% HCl in 10% MeOH/ H2O at 5-10 mmHg. The reservoir was removed and the
vacuum turned off and the waste discarded from the 1 L Erlenmeyer collection flask. The
test tube rack was loaded with the appropriately labeled conical tubes (10 ml) into the
vacuum manifold. The manifold was reassembled and the samples were eluted with 10
ml MeOH/MTBE (10:90) in a drop wise fashion (distinct drops). The vacuum pump (up
to 10 mmHg) was first increased to start the elution. Once the elution started, the vacuum
pressure was decreased back down below 5 mmHg. The cartridges were allowed to go to
dryness. A small water layer (1-2 ml) that was formed at the bottom of the 10 ml test tube
was removed with a disposable pipette without taking any organic solvent.
A 1.0 g acidified Na2SO4 and the sample extract from the previous step was added
to a 20 ml vial. The 10 ml test tube was rinsed twice with approximately 0.5 ml MTBE
and the rinses were added to the 20 ml scintillation vial. More Na2SO4 (up to 2.0 g) was
added to the vial if the Na2SO4 was not free flowing. The sample was mixed thoroughly
and allowed to sit for 30 minutes. The sample extract was decanted into a new 20 ml vial.
The vial and Na2SO4 was rinsed with two 1 ml portions of MTBE and added to the new
vial without transferring any Na2SO4 to the new vial. The volume was adjusted to about 5
ml under a stream of nitrogen making sure the water bath temperature was at least 30 ºC
and no higher than 40 ºC.
Derivatization
The derivatization technique used by the Montana procedure was methylation
with diazomethane and mass-selective detection (MS). In the present work, the methyl
ester derivatives were prepared using N-methyl-N-nitro-N-nitroguanidine. The
derivatizing agent was prepared by dissolving 2.3 g of KOH in 2.3 ml distilled water in a
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125 ml flask and cooled to room temperature. 25 ml ethyl ether was added and
refrigerated until cool. 1.5 g of N-methyl-N-nitro-N-nitroguanidine was weighed into a
small beaker and crushed with a glass stir rod under the hood. The crushed
nitrosoguanidine was added to the flask in an ice bath under the hood and the flask
shaken to insure complete reaction. The yellow colored ethyl ether was poured into
another flask carefully so that no particulates or aqueous layer came over.
To the foliage sample residue from the extraction procedure in the 400 ml beaker,
5 ml derivitizing agent (yellow ethyl ether) and 1 ml iso-octane was added and stirred.
The ether was evaporated from the sample on a 40C water bath leaving the iso-octane.
A small funnel was prepared by inserting a small amount of glass wool into the bowl and
filling approximately ½ full of acidified sodium sulfate. The sample was transferred in
iso-octane from beaker into 5 ml graduated centrifuge tube by rinsing beaker with 2-3 ml
iso-octane 3-4 times and pouring rinsates through the small prepared funnel and analyzed
with GC or HPLC.
Quantitation
GC-MS
The GC-MS system consisted of a Hewlett-Packard 6890 series II gas
chromatograph fitted with a Hewlett-Packard HP-5 MS column (5% phenyl methyl
siloxane, 30 m x 250 µm x .25 µm film thickness), a Hewlett-Packard 5973 Series massselective detector, HP 6890 autosampler injector with Hewlett-Packard G1034C MS
Chemstation software. The injection (splitless) and transfer line temperatures were 250
and 280°C respectively and the oven temperature program was 80°C for 1 minute,
ramping at 20°C/minute to 190°C and 8°C/minute to 260°C for 5 minutes. Helium
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(>99.996%) was used as the carrier gas and electronic pressure control in constant flow
mode delivered 1.2 ml/min. Selected ion monitoring data was collected between 7.0 and
10.0 min monitoring ions with m/z values of 212, 133, and 254 for bentazon. The first
ion listed was for quantification and the other two for confirmation of bentazon. Table 2
shows the characteristics of the column evaluated and the operating conditions used by
the GC-MS system. Single injections of the calibration standard solutions 0.2 µg/ml and
3.0 µg/ml were made from the least to the most concentrated. Spiked samples were then
injected from least to most concentrated (11.25 µg/ml - 75 µg/ml). Standards were
injected after every 3 or 4 sample extract injections to minimize the effects of crosscontamination.
The retention times of unknown sample peaks were compared to the retention
time of known standards. Identification was considered positive when the retention time
of the unknown peak was within the appropriate limits of the retention time of the
standard. The percent spike recovery was calculated using the following external standard
formula:
% Recovery = (µg/ml)(FV)(DL)
(AL) (µg)
The amount (in ppm) of herbicide in the sample was calculated using the following
external standard formula:
Amount (µg/g) = (µg/ml)(FV)(DL)
(AL) (g)
Where:
µg/ml
AL
FV
DL

=
=
=
=

Concentration of the analyte in the final sample extract determined
Aliquot in ml (e.g. 20/100 ml)
Final volume in ml
Dilution factor
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µg
G

= Micrograms of standard used for spiking
= Sample weight

HPLC-UV Analysis
The LC system (Waters, Milford, MA, USA) consisted of a LC Module 1 pump,
autosampler, and UV variable-wavelength detector. The column was a Waters Nova-Pak
C 18 (300 x 3.9 mm I.D., 4 µm) stainless steel column. The analyses were performed at
different wavelengths 220, 230 and 254 nm and the mobile phase was methanol-water
(70:30, 60:40, 50:50, 40:60, 30:70, v/v) containing 10 mM of sodium acetate as the
eluent at flow rates of 1.0 ml/min and 0.5 ml/min. Isocratic mode was used. The total run
time was 20 min. All measurements were carried out at 32°C temperature. The stock
solution for calibration was prepared in methanol at 0.75 g/l.
The extraction procedure for analysis of bentazon using HPLC was the same as
that for the GC except for the derivitization step, which was not required for HPLC
analysis. In this procedure, spiked plant samples were analyzed along with the standard
samples. All extractions and analyses were performed at the Pesticide Residue
Laboratory in the Agricultural Chemistry Building.
Plant samples were spiked by addition of an established volume of stock solution
of bentazon. After extraction by the LLE method and the SPE method, sample extracts
were analyzed by HPLC instrumentation. The analysis of samples required thorough
equilibrium of the HPLC system to be performed before analysis. The system was
allowed to equilibrate under operating parameters for a minimum of four hours.
Following equilibration, the standards were injected to obtain an initial calibration curve,
establish an acceptable detectability of the analyte, and obtain a retention time. This
guaranteed proper preparation of all reagents and optimum chromatographic conditions.
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Analysis of plant samples followed equilibration and injections of the standards and
blanks preceded injections of the sample extracts. The concentration of bentazon in the
final extract was calculated using the following formula:
Concentration (µg/g) = µg/ml x Sample area x Dilution x Total volume of the extract
Standard area x Sample weight
Where:
µg/ml
Sample area
Dilution
Standard area
Sample weight

=
=
=
=
=

Concentration of the standard bentazon solution
Area of the peak of the analyte in the sample
Dilution factor, if the sample was diluted prior to analysis
Area of the peak of the standard betazon solution
Weight of the sample extracted

The percent spike recovery was calculated using the following formula:
% Recovery

= (µg/g) (Concentration of standard) (100)
Sample weight

Where:
µg/kg
Sample weight
Concentration of standard

= Concentration of the analyte in the final sample extract
determined using peak area
= Weight of the sample extracted
= Concentration of the standard bentazon solution spiked
on the sample before extraction
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RESULTS AND DISCUSSION
Many methods have been described for extraction and analysis of bentazon from
water and soil samples, but there are not many methods available in the literature for
extraction and analysis of the herbicide from foliage. In the present study, different
extraction procedures for determination of bentazon from plant matrices were compared.
The Soxhlet and ultrasonic extraction procedures were not suitable for extraction of
bentazon from plant matrices because final extract was not suitable for gas
chromatographic analysis due to too many matrix interferences. The main focus of the
current study was to compare extraction efficiencies of the liquid-liquid and solid-phase
extraction procedures for bentazon in plant matrices. Bentazon was first extracted from
three different plant matrices (leaves, stems, and roots) using the liquid-liquid extraction
(LLE) and analyzed by using capillary gas chromatography (GC) with an electron capture
detector (ECD) and a mass selective detector (MSD) was used for confirmation. Plant
samples were also extracted using the solid-phase extraction (SPE) procedure and
analyzed by GC-MSD. The recoveries for the two extraction procedures, LLE and SPE,
were compared. The sample extracts from the LLE and the SPE procedures were also
analyzed using the High Performance Liquid Chromatography (HPLC) without the
derivitization step.
Liquid-liquid extraction is based on hydrophilic solvent extraction to remove
water and water-soluble co-extractives and to bring the residues into a low-boiling,
medium polarity solvent that is suitable for subsequent clean-up steps. Table 4 shows
recoveries of bentazon using the LLE method practiced routinely for extraction of acidic
herbicides from foliage at the Agricultural Chemistry Pesticide Residue Laboratory and
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reported in the Pesticide Analytical Manual (PAM) 221.1 – 222.15 of the Food and Drug
Administration.
Determination of Bentazon Residues in the Black Willows
Extraction and analysis of bentazon in the leaves, stems, and roots of black
willows using different extraction and analytical procedures showed bentazon residues in
15% of all the samples analyzed over a period of one year at the method detection limit
of 0.27 mg/kg. The mean bentazon concentration in the plant samples was 0.48 mg/kg
with a range of 0.7 mg/kg and 0.32 mg/kg.
Bentazon Recoveries for the LLE and GC-ECD
Recovery studies were performed by spiking 4 replicate samples in each sample
matrix for the five sets of samples with standard bentazon solution at the level of 1.0
mg/kg. Bentazon was measured by comparing peak areas of samples to external
standards. Recoveries of bentazon using the liquid-liquid extraction procedure and GCECD in the stems and roots were higher than those in the leaves due to cleaner sample
extracts and therefore less matrix interferences. The spike levels and mean recoveries are
given in table 4. The mean recoveries were >50% for all the matrices. The percent mean
recoveries were 51.8%, 58.2%, and 59.6% with an average standard deviation of 9.3%,
8.3%, and 5.0% for leaves, stems, and roots respectively.
Identification of herbicides in one chromatographic column for plant matrices is
not sufficient and should be confirmed by a secondary analysis. In this research, a dualcolumn connected to the ECD detector was used for initial confirmation. As a result,
herbicides found in one column can be confirmed simultaneously using a different
column. The dual-column approach has the advantage of providing secondary
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confirmation without the necessity to change columns in the gas chromatograph. The
elution times for bentazon were 13.65 and 11.66 respectively for the channel A and
channel B. The reproducibility of dual column system is good and consistent. Both the
Rtx-35 and Rtx-5 capillary columns gave good resolutions and obtained similar results.
However, the MS was used for final confirmation. Typical GC-ECD chromatograms of
standard solutions and of leaf and stem samples spiked at level 1 mg/kg are displayed in
figures 3, 4 and 5.
Calculation of Method Detection Limit
To measure the method detection limit, a series of diluted bentazon standard
samples were used. From this series, the peak is selected whose height is about 6-10
times larger than the signal-to-noise ratio. The MDL, expressed in concentration units,
is defined as the lowest solute concentration detectable by an analytical method. MDL,
calculated using the formula MDL= t(n-1, ∝=.99) (s), where t(n-1, ∝=.99) is the one-sided tstatistic appropriate for the number of samples used to determine (s), at the 99 percent
confidence level gave a value of 0.27 mg/kg.
Florisil Clean-up
Analyzing pesticide residues in plant matrices is very difficult as one of the major
concerns has been instrumental background noise contributed by coeluting substances
from complex plant matrices. If the matrix interference are not reduced or removed, the
wanted analyte signals are always overshadowed by background interference and as a
result, not detected. Therefore, it is essential to focus on the produce cleanup method in
order to further detect trace or ppb levels of pesticide residues.
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Bentazon

Figure 3: Gas chromatogram of standard bentazon (0.75 µg/ml, retention time=13.657
min)
Column: RTX-35MS 30m x 0.25mm x 0.25 µm Carrier: Helium Detector: ECD
Temperature program: 80 C, 1.00 min hold, 20 C/min to 190 C, 8 C/min to 260, 35 min
hold. Inlet: 270 C
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Bentazon

Figure 4: Gas chromatogram of a plant stem sample spiked with standard bentazon at 1
mg/kg (Bentazon retention time=13.667 min).
Column: RTX-35MS 30m x 0.25mm x 0.25 µm Carrier: Helium Detector: ECD
Temperature program: 80 C, 1.00 min hold, 20 C/min to 190 C, 8 C/min to 260, 35 min
hold. Inlet: 270 C
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Bentazon

Figure 5: Gas chromatogram of a leaf sample spiked with standard bentazon at 1 mg/kg
(Bentazon retention time=13.657 min).
Column: RTX-35MS 30m x 0.25mm x 0.25 µm Carrier: Helium Detector: ECD
Temperature program: 80 C, 1.00 min hold, 20 C/min to 190 C, 8 C/min to 260, 35 min
hold. Inlet: 270 C
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Table 4: Bentazon recoveries from plant samples using LLE followed by GC-ECD
Sample
n
Spiking level,
Bentazon recovery, % (Mean ± SD)
Set
mg/kg
Leaves
Stems
Roots
I
4
1.0
51.4 ± 7.6
36.3 ± 3.9
--------II
4
1.0
--------62.3 ± 15.5
--------III
4
1.0
44.0 ± 7.5
69.2 ± 5.8
63.0 ± 1.5
IV
4
1.0
59.9 ± 3.9
66.7 ± 7.8
56.2 ± 8.6
V
4
1.0
51.8 ± 17.9
56.2 ± 8.5
--------Mean
51.8
58.2
59.6

Leaves
Percent
Recovery

Stems
Roots

I

II

III

IV

V

Sample Set

Figure 6: Effect of matrix type on bentazon recoveries (spike level of 1 mg/kg) using
LLE followed by GC-ECD. Sample sets I, II, III, IV, and V were collected over a oneyear period.
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Because residues constitute only trace amounts (ppm to ppb) in the relatively
massive plant tissue, the plant matrix always overshadows the wanted residue spectrum.
It is difficult to obtain quality data without first minimizing the matrix interference. As
shown in figures 4 and 5, the liquid-liquid extracts leaf and stem samples had many
background interferences. Due to this reason florisil was used to reduce the matrix
interference from the sample extracts. A florisil column was used to clean up the
extracted samples after the derivitization step to reduce the background interference as
described by Fung Ngan and Thomas Ikesaki for determination of acidic herbicides in
soil and water. However, the mean recoveries for samples after florisil column clean-up
were much lower at <15%. Therefore, the florisil clean-up of the plant samples was
found to be unsuitable for final determination of bentazon.
GC-MS Results after LLE
Samples from the fourth and fifth data sets were analyzed using GC with a massselective detector operated in selected-ion-monitoring mode after analysis with electron
capture detector for confirmation of the results obtained with ECD. Working standard
solutions of bentazon of 0.2 µg/ml, 0.4 µg/ml, 0.8 µg/ml, 1.7 µg/ml, and 3.0 µg/ml were
injected to obtain a calibration curve. These standards were interspersed within the
sample set and derivatized along with the samples of the same matrix. The calibration
curves were linear over the range 0.2 – 3.0 µg/ml. Bentazon eluted at about 7.8 min. The
results of analysis using the GC-MS are summarized in table 3. The mean recoveries for
leaves, stems, and roots were 49.79, 61.97, and 54.43 respectively.
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A

Bentazon

B

Figure 7: A. Gas chromatogram using mass selective detector in selected ion monitoring
mode of a leaf sample spiked with standard bentazon at 1 mg/kg (Bentazon retention
time= 8.05 min)
B. Mass spectrum of bentazon peak showing ions with mass/charge 133, 212, 254
Column: HP-5MS 30m x 0.25mm x 0.25 µm Carrier: Helium Detector: MSD
Temperature program: 80 C, 1.00 min hold, 20 C/min to 190 C, 8 C/min to 260, 35 min
hold. Inlet: 250 C
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Figure 8: Standard curve for bentazon (GC-MSD)
HP 6980 Series GC System, 5973 Mass Selective Detector
Column: HP-5MS 30m x 0.25mm x 0.25 µm Carrier: Helium Detector: MSD
Temperature program: 80 C, 1.00 min hold, 20 C/min to 190 C, 8 C/min to 260, 35 min
hold. Inlet: 250 C
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Table 5: Bentazon recoveries with LLE and GC-MSD
Sample
n
Spiking level,
Bentazon recovery, % (Mean ± SD)
Set
mg/kg
Leaves
Stems
Roots
IV
4
1.0
60.5 ± 7.3
67.6 ± 7.6
54.4 ± 7.0
V
4
1.0
39.1 ± 5.2
56.3 ± 9.3
--------Mean
49.8
61.9
54.4
SPE Results
The LLE is a time-consuming operation. The advantages of solid-phase, ready-touse, disposable cartridges are better recoveries, reduction of extraction time, lower
organic solvent consumption, and cleaner extracts. The method used in this project is an
adaptation to the Montana procedure enabling the extraction and clean-up of the acid
herbicide, bentazon. Samples were analyzed using GC with a mass-selective detector
operated in selected-ion-monitoring mode after analysis with electron capture detector for
confirmation of the results obtained with ECD. Working standard solutions of bentazon
of 0.2 µg/ml, 0.4 µg/ml, 0.8 µg/ml, 1.7 µg/ml, and 3.0 µg/ml were injected to obtain a
calibration curve. The calibration curves were linear over the range 0.2 – 3.0 µg/ml.
Bentazon eluted at about 7.8 min. The results of analysis using the GC-MS are
summarized in table 6. The mean recoveries for leaves, stems, and roots were 49.79,
61.97, and 54.43 respectively.
Table 6: Bentazon recoveries using SPE followed by GC-MS
Bentazon recovery, % (Mean ± SD)
Sample Set

n

Leaves

4

45.6 ± 8.2

54.3 ± 10.4

Stems

4

58.5 ± 6.5

69.5 ± 8.7

Spiking level, mg/kg
0.5
3.0
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HPLC Results
Reversed-phase HPLC, with UV detection, is a good alternative for pesticide
determination because no derivatization step is needed. Solvents provide the gross overall
control of the retention of the analytes. Solvent modification is the routine procedure used
in optimizing a separation. In terms of overall chromatographic retention, major changes
are obtained by significant modifications in the absolute levels of the components in the
mobile phase. The mobile phase can also offer enhancements in the selectivity and
specificity of the separation by associating with the analyte and increasing the interaction
of the analyte with the surface, by interacting with the analyte and preventing strong
interactions with the surface etc. For determining bentazon concentrations in foliage,
different levels of the components, methanol and water, in the mobile phase were used.
The levels ranged from 80/20 v/v to 20/80 v/v methanol/water mobile phase. Good
separation was achieved as the level of the water component was increased from 20 to 80
percent. But the separation was not good enough for positive determination of bentazon.
Therefore, it was not possible to positively identify bentazon as it co-eluted with highly
interfering compounds from the plant matrix.
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Figure 9: Comparison of bentazon recoveries in leaf and stem matrices using SPE
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B
Bentazon

B

Figure 10: A. Gas chromatogram using mass selective detector in selected ion
monitoring mode of a leaf sample extracted by SPE and spiked with standard bentazon at
0.5 mg/kg (Bentazon retention time= 8.05 min)
B. Mass spectrum of bentazon peak showing ions with mass/charge 133, 212, 254
Column: HP-5MS 30m x 0.25mm x 0.25 µm Carrier: Helium Detector: MS
Temperature program: 80 C, 1.00 min hold, 20 C/min to 190 C, 8 C/min to 260, 35 min
hold. Inlet: 250 C

57

Bentazon

Figure 11: HPLC chromatogram of standard bentazon with 50/50 v/v methanol/water
mobile phase and 254nm wavelength.
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Figure 12: HPLC chromatogram of a plant sample spiked with standard bentazon and
extracted by LLE at 60/40 v/v methanol/water mobile phase and 254nm wavelength.
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METHODS COMPARISON AND CONCLUSIONS
The present study compares different extraction and analytical procedures for
measuring bentazon residues in plant matrices. The LLE method using different solvents
is the most widely practiced method for extraction of bentazon and also routinely used for
extraction of acidic herbicides from foliage at the Agricultural Chemistry Pesticide
Residue Laboratory. The SPE method used in this study is a new procedure developed by
the Montana Department of Agriculture for extraction of 10 acidic herbicides, in
vegetation. In this research, this method has been adapted for determination of bentazon
in plant matrices. Comparison of bentazon recoveries using the LLE and SPE methods
shows superior recoveries for the SPE method than the LLE method. For the LLE method
extracts were first quantified by GC-ECD and then confirmed by GC-MSD (SIM).
SPE and LLE
In liquid-liquid extraction the sample is agitated with an extracting solvent that is
not miscible with the sample. When the sample/solvent mixture has settled after agitation,
two layers of liquid are visible, one of which will contain most of the compound we are
extracting. To complete the LLE, the two liquid layers are separated and one of them
preserved for further manipulation, such as concentration, using a rotary evaporator or a
stream of dry nitrogen. Liquid-liquid extraction is an equilibrium process and may
necessitate multiple extractions without knowing when equilibrium has been reached.
Repeated LLEs will yield a recovery closer and closer to 100% without ever achieving
complete extraction. Also, different analytes may exhibit vastly different distribution
coefficients between extracting solvents and various matrices because of other
contaminants. Recovery from samples extracted by separating funnel LLE may be
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matrix-dependent. The differences in recovery are not always accurately predicted by
spiked samples.
SPE has many advantages over LLE for extracting environmental samples. SPE is
much faster than LLE; exposure to and consumption of large volumes of organic solvents
are avoided; there is reduced operator involvement with the extraction; the amount of
glassware required, which are expensive to purchase, tedious to clean, and subject to
breakage, is reduced; increased production through multiple simultaneous extractions is
achieved; and the formation of emulsions is eliminated. The primary advantage that SPE
has over other separation procedures for environmental samples is that SPE is a nonequilibrium procedure.
Prior publications about quantitative analysis of pesticide residues dealt with
limited types of plant matrices such as fruits, vegetables etc., which had a lesser degree of
matrix interference than leaves, stems and roots. The results from the present recovery
studies showed that the data were erratic and hard to reproduce for LLE and fairly
consistent for SPE. If the matrix interferences are not reduced or removed, the wanted
analyte signals are overshadowed by background interference and as a result, not
detected. It is not possible to obtain an accurate quantitative result data without first
minimizing the matrix interference. Therefore, if the plant matrix interferences are not
eliminated, the ions generated from the matrix appear everywhere and are distributed
throughout the entire spectrum in mass spectrometry. Therefore, the unpredictable nature
makes the selection of the wanted residue ions for quantitative calculation free from
interference by matrix ions difficult. SPE which yields cleaner extracts and eliminates
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matrix interferences is, therefore, a better alternative for extraction and clean-up of
bentazon from plant matrices.
Table 7: Recoveries for LLE and SPE
Mean Recoveries, % (Mean ± SD)
Extraction Method
Leaves
Stems
LLE

39.11 ± 5.16

56.34 ± 9.26

SPE

49.97 ± 8.46

63.96 ± 6.82

Stems
60

Percent
Recovery

Leaves

40

Liquid-liquid Extraction

Solid-Phase Extraction
20

Figure 13: Comparison of bentazon recoveries using SPE and LLE techniques.
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GC-ECD and GC-MS
The recoveries for GC-ECD were comparable to those obtained for GC-MS in the
present study. The GC-ECD results only provide quantitative, elemental and peak
retention time data, but lack the specificity necessary for molecular structural
identification. Mass spectrometry is a two-dimensional detection method and provides
peak retention time and mass spectrum. The full spectrum profile in the computer library
is a fingerprint identification for any uncertainty. GC-MS is a powerful tool for residue
identification or confirmation purposes. The sensitivity and selectivity of GC-ECD for a
rapid and reliable quantitative result makes the MS system a logical complementary
instrument in trace residues confirmation.
Table 8: Bentazon recoveries for LLE procedure using GC-ECD and GC-MS
Bentazon recovery, % ((Mean ± SD)
Sample Detector
Spiking
Set
level,
Leaves
Stems
Roots
mg/kg
IV
IV
V
V

ECD
MSD
ECD
MSD

1.0
1.0
1.0
1.0

59.89 ± 3.9
60.47 ± 7.3
51.8 ± 17.9
39.1 ± 5.2

66.7 ± 4.0
67.6 ± 7.6
56.3 ± 8.1
56.3 ± 9.3

56.22 ± 8.6
54.42 ± 7.0
-------------

GC and HPLC
Although LC-MS techniques have been improved in terms of reliability and
sensitivity, chemical derivation/gas chromatography has been the preferred method for
pesticide trace analysis. A general attribute of GC is its higher separation efficiency
compared to LC resulting in more narrow peaks in GC compared to LC. Reversed-phase
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Figure 14: Comparison of bentazon recoveries using GC-ECD and GC-MSD
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liquid chromatography in combination with UV detection is an attractive technique for
analysis of polar pesticides. The disadvantage is that the sensitivity attainable with UV
detection usually insufficient for trace analysis of herbicide residues in complex samples.
The applicability of LC techniques is limited in case of acidic compounds such as
bentazon because of sample interferences and insufficient separation. Consequently,
positive identification of bentazon was difficult as it co-eluted with other highly
interfering compounds from the plant matrix. A major drawback of GC in pesticide
analysis is the need for extraction of the pesticide and to carry out a suitable derivation
reaction. Both steps are laborious to perform and suffer from non-quantitative yields. In
comparison with GC analysis, the relatively low sensitivity of the conventional HPLC
detection systems makes the minimum detection limit in the pesticide residue analysis at
much higher levels.
In conclusion, analysis showed bentazon residues in 15% of all the samples
collected from the phytoremediation site over a period of one year at the method
detection limit of 0.27 mg/kg. Comparison of the LLE method with the SPE method of
sample preparation demonstrates the advantages of the SPE method due to better
recoveries, reduction of the extraction time, lower organic solvent consumption, and good
quality of final extracts. The mean recoveries for leaves using LLE and SPE procedures
with GC-MSD were 39.1% and 49.9% respectively. Mean recoveries for stems using
LLE and SPE with GC-MSD were 56.3% and 63.9% respectively. Although the
recoveries using SPE were better compared to the LLE procedure, the recoveries, in
general, for both the methods were low mainly due to the complex nature of the plant
matrix and the unique physical and chemical properties of bentazon. Lower method
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detection limits could probably be achieved with a better extraction and analytical
procedure and more accurate results could be obtained to prove phytoremediation ability
of black willow plants at the test site. The separation of pesticide residues from the plant
prior to subsequent steps in the analytical procedure is a problem to which more research
needs to be applied to resolve the problems posed by the sample matrix and for
successful culmination of phytoremediation research.
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APPENDIX
BENTAZON CONCENTRATIONS AND RECOVERIES IN BLACK WILLOW
PLANT SAMPLES
Bentazon concentrations (mg/kg) in black willow plant samples collected over a one-year
period (December 2001-December 2002) using LLE extraction followed by GC-ECD
analysis.
ND = None detected at method detection limit 0.27 mg/kg.
I set (unspiked samples)
Leaves, n=4

Stems, n=4

0.61
0.67
0.70
0.58

ND
ND
0.47
0.32
II set (unspiked samples)
Stems, n=4
0.39
ND
ND
0.36

III set (unspiked samples)
Leaves, n=4
Stems, n=4
Roots, n=2
0.33
ND
ND
ND
ND
ND
ND
0.42
ND
0.36
IV set (unspiked samples)
Leaves, n=4
Stems, n=4
Roots, n=4
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
V set (unspiked samples)
Leaves, n=4

Stems, n=4

ND
ND
ND
ND

ND
ND
ND
ND
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Bentazon recoveries in willow plant samples spiked with standard bentazon at 1 mg/kg
using LLE extraction followed by GC-ECD analysis.
I set (spiked samples)
Leaves, n=4

Stems, n=4

54.5%
40.6%
58.3%
52.2%

41.5%
36.7%
32.5%
34.3%
II set (spiked samples)
Stems, n=4
79.7%
65.2%
42.0%
62.3%

Leaves, n=4
42.4%
52.5%
34.7%
46.4%

III set (spiked samples)
Stems, n=4
Roots, n=3
61.4%
72.5%
63.3%
61.3%
64.4%
74.6%
68.5%

Leaves, n=4
63.6%
54.9%
62.4%
58.6%

IV set (spiked samples)
Stems, n=4
Roots, n=4
54.7%
65.0%
63.5%
57.1%
44.8%
68.3%
62.0%
76.0%
V set (spiked samples)

Leaves, n=4

Stems, n=4

25.3%
59.9%
56.4%
65.4%

43.7%
58.5%
60.5%
62.3%
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